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SUMMARY 



The writer sets out to prove ty calculation and ex- 
periment that "by extensive utilization of the skin to 
carry axial load (.reduction of stringer spacing) the 
stringer sections can "be made small enough to afford a 
substantial saving in structural weight. This saving 
ranges from 5 to about 40 percent. 



One serious dravr-hack of modern shell constructions 
is their inability to take full advantage of the strength 
of the covering material under compression or shear. In 
shear t'ae additive stresses caused by -wrinkling become 
quickly decisive, in compression the exceeding of the 
buckling stress of the sheet causes the load to concen-' 
trate on the stringer and the skin to fail, of course, 
■with increasing loading. The natural -nray to raise the 
critical skin loads by reducing the size of the panels, 
that is, the stringer spacing, leads - in metal designs - 
to uneconomical structures (multiplied riveting labor) , 
with the result, that the heavier type of construction: 
foTrer stringers, thick skin is usually preferred over im- 
proved economy. 

In wood designs this procedure is feasible as de- 
scribed hereinafter. The guiding' principle is to have 
the skin, hence the ply^rood covering, buckle at the same 
time as the stringers. In this way the total section is 
completely evenly utilized, hence must result in a reduc- 
tion of the structural weight per kilogram of load 
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carried. This construction is hereafter designated with 
"strengthened plywood." Skin TDUckling is dependent upon 
the dimensions: length, width, and wall thickness; 
stringer "buckling upon cross-sectional area, cross-sectior.al 
forii] and length. 



I. iaATHELIATICAL STUDY 
1, Strengthened Plywood 



^IsLt plat e.- In order to assure concurrent Tatick- 
lin." stresses in stringers and skin, the stringer spacing 
must "be very small compared to the other quantities. The 
same holds, of course, for the dimensions of the stringer 
sections. With properly selected frame sections the 
TDuckling length of the stringers will not he restricted 
to the frame spacing, the fraues themselves will "be per- 
mitted to deflect. This affords a great variety in the 
choice of all dimensions for a given load, 

Figure 1 is a diarjraminat ic view of such a strength- 
ened plywood plate. The inferior thickness d of the 
frame as well as the large nuaoer of stringers prohihits 
their heing let into the frane. The system skin-stringer 
is simply glued to the fraiae. (The glueing available sur- 
face is 2 ab.) Herewith one of the determinating quanti- 
ties for the ve-riation of the skin "buckling load is re- 
moved; the panel length becoues infinite. 

The panel boundary of the entire plate in direction 
of the width 3 may be established by strengthened diffu- 
sion sections or by fitting curved pieces, ?or buckling, 
the application of iTagner's formula! 



is suggested. The second part on. the right-hand side of 
the eq-aation which allows for the torsional stiffness 
has been Oijitted. Table I gives the- diijaensions and cross- 
sectional data of the investigated plates. Here is, of 



Sheet-metal airplane construction. 
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7 


f 


ITxun- 


J: 




J » 




T 


T ♦ 


Buckling load 










(cm2) 


(cm*) 


(cm=^) 


(cm) 










(mm) 


(mm) 


(mm) 






calculation 


test 






30 


1 


0.46 


0.00868 


0.00289 


0.138 






336 


300 




inn 


^n 


? 


• 5o 


.009?S 


.00194 


1?1 


0 P597 




250 


250 






70 
f \j 


O 




ni DPP 


00147 








212 


200 






30 


4 


OAS 




r- ■ — 

0.00289 


0.138 






256 


200 


A. 












nm 94 








191 


225 










86 




00147 


109 








1 sn 






30 


7 


0.46 


0.00838 


0.00239 


0.138 






216 


400 




300 


50 


8 


66 


.00958 


.00194 


.121 


0.3219 


0 01073 


161 


150 






70 


9 


.86 


.01028 


.00147 


.109 






loo 








30 


10 


0.66 


0.030S5 


0.01032 


0.216 






744 


350 




100 


50 


11 


.86 


.03655 


.00731 


.206 


0.3584 


0.03 584 


572 


400 






70 


12 


1.06 


.059y5 


.00571 


.194 






489 


300 










n Rfi 


n 03095 


0.01032 


0.216 






577 


550 


5 


200 


50 


14 


.86 


.03555 


.00731 


.206 


0.4254 


0.02127 


442 


300 






70 


15 


1.06 


.03395 


..00571 


.194 






376 


350 






30 


16 


0.66 


0.03095 


0.01032 


0.216 






488 


500 




300 


50 


17 


.86 


.03555 


.00731 


.206 


0.4549 


0.01516 


375 


250 






70 


18 


1.06 

. . - , 


.03995 
.. 


.00571 


.194 






318 


250 



3" and J values are valid for stringer and frame spring 1 , respectively. 
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course, only one specific sizin "buckling stress for each 
stringer spacing, the solution of which presents no un- 
usual difficulties. The plate studies reported herein 
irere primarily intended as an explanation of the funda- 
mental principles involved and as a check on the mathe- 
matical treatment. The values Jy* and J^* indicate 

the hending stiffness of the respective sections per 
centiueter of length, 

la the determination of Jy* the dissimilarity of 

the elasticity values of the covering (transverse to the 
fiber) and pineTTOod •"ras considered ^ith 

Bsph = 0.7 Slpine 

(3 = 120,000 >^/cia^ for pine). J-^' was posed as varia- 
Tale across the panel tridth conf orme.hle to 



The "buckling values obtained are then compared -rith 
the e:rperiaental huckling loads. The results are in close 
agreemejit • 

The calculation of the "buckling length hy 

'* 

L = 0.91 3 

y Jv-' 

gives the values compiled in ta'ole II, 
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Tjie experimental values are also sliown. Taut, Tjein^ ori/^i- 
nally intended for inf orniatio,n only, liave no great claim 
to accuracy. 

Tlie derivation of a fori.mla for the breakin.'i; load 
proceeds froa the consideration of the strain condition, 
The syaTaols are shown in figure 2, while figure 3 gives 
the loading condition of a stringer and fraue in the 
elastic zone which stresses the glued joint "between frarae 
and stringer in tension (fig. 4), 

'The stringer accordingly represents an elastically 

supported coiapression raemoer. Tho support forceis from the 
fraaes onto the stringers Pgp are put equal to the 

stringer deflection over the buc±:lin-!; length Lq , that 

is, according to sin a hypothetical force Pg^, in 

^0 

the uiddle of the "buclclin,'-; lengtu' then affords 



^'sp = ^3p r* 

o 

corresponding to 

e» = e sin ~ (fig. 5) 

•^0 

The rjaxiiuura "bending stress at stringer center (fi", S) is 

^0 

w = P e + SP'gp a - — - (1) 

■-' o 

t-rhere a = ~ - x and the teria for ' Sp t'^-is 
purpose, raore conveniently' written in the form 

p'gp = p^p £; • 

Then 

Z P'sp a = Z Pgp cos ^ a 



or 
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. Z P«5p a = Pgp Scos a (2) 



o 



and 



2f 'Sp = ^^Sp 2 cos 22: = ^ (3) 



TTiience follo^-fs; 



Txa 0 „ Tra 

M = P e + Pg^ Z cos ~ a - Pgp -j- S cos ^ 



.. _ ^ /_ Tra ■'^o „ rra \ 

u = P e + Pgp ^2 cos j;- a - ^ Z cos 



(4) 



The Taending stiffness of tlxe frame governs •t'So* 

7itii A as tlie force required for 1-centimeter-f rame de- 
flection, the eoTiivalence of frame and stringer deflection 
results in 



'Sp 



A e (5) 



In the case in point A mu-ct "be the su.j of the 
stringer forces Pgtr distriDuted over fraje length B, 
For simplification a 'position of the forces syii^aetr ica,l 

to X = — — is assumed which, ia vierr of the iimlt i t-ade of 
2 

strinocers, can never lend to large errors. For a sirjple 
group of forces there is ohtained, according to fi'^ure 7, 



.7ith n = the nun'oer of panels and m denoting the re- 
spective place there is obtained 



0 = 3 3- 
n 



Therefore 
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f = — fJ — B a 

. . 24 E .n 



SB'' - 4B' 



©1 



or, with P' distributed, over B corresponding to 

sin US.; 
B 

iG _ m 
B n 



f _ ^. ^^^ a m 3u" - 4a^ 

24 33 n n= 



where -fstr siailar to frai^je load is the load at 

the point of uaxiiouiii deflection, which .serves as initial 
valiae. Under the effect of all forces P' there is then 
oh bained 

Z f = istrjl E sin ni£ a IeLz^ (5) 
24 33 n n 

for E f = 1 cm, ^'gtr ~ ^ with 

c = z sin as a ^-^^-al (7) 

n n n^ 

24 S Jv , . 

= (8; 



Equation (8), written in equation (5), gives 



24 33 J. 



?Sp - — ^3-^ ® 



hence the laonent (equation (4)) is 
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.. -o 24 3 J„- X Tta I'D ^ TTa v 

id = P e + e r-i- f 2 cos a - -2. Z cos — ^ 

as 'breaking condition in tlie stringer we get 

CT-br = O-D + 0-B = - + ^ (9) 
For simpler rrriting we put 

E = 2 cos a - 2 cos (10) 

7e further can write V = witii s indicating 

s " 

tiie centroidal distance frou the inside fiber. Then the 
rearranged equation (S) gives: 

P W / e K J- \ , , 

^ = FTTT (^br - 2^ ^ ^ ^ c jz) 



Ihe values P, ^, and J^. as well as the end load P 
apply per partial width t, 

!Dhe separation of the stringers froia the fraiae (ten- 
sion failure in area 2 ab) has a pronounced effect on the 
breaking load, because it results in a sudden increase in 
deflection, hence of all stresses. So far no satisfactory 
laathenjatical solution has been found for it. In support 
of the deflection of the test plates we obtain with 
e = 1.0 centimeter, for instance, for the design with 
5-iDilliiaeter stringers, the data given in table III, 

^'^) Circ^ila.r cylinde rs.- The subsequently describel 
test confirms the assumption that the frame dimensions 
illustrated in figure 8 affords ample stiffness for pre- 
ventin;^- deforraation of the fraiues. This simplifies the 
solution considerably, since the element, stringer plus 
skin, can be simply considered as compression member be- 
tween the frames. To determine the cross-sectional 
inertia moment of the cylinder it is simply treated as a 
ring with mean wall thickness 
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Por the Tsuckling a stringer witli the full effective 'ridtli 
t is involved, For the cylinder of figure 8 the values 
are J = 9500 cm*, 1 = 346 cm^ , for the skin-stringer 
element i = 0,187 cm, and at 150 ram frame spacing X = 80, 
The result of the test is anticipated with hucliling failure 

o" = 173 kg cm"^ calculation 

O" = 187 kg cm"2 test 

The deteruinati OR of 0" is "based on the hucklins 
stress diagram of pinevrood (fig. 16). 



T^BLiil III 
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Ultimate load P' 
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30 
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70 
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30 


53 


78 - 


300 


50 


78 


86 




70 


97 


115 



2. Conventional Construction 

^) ^lat p lat es . - The prediction of the load carrying 
capacity of flat plates in conventional designs of wood 
presents no difficulty. Such a plate is shc^n in figure 9, 
The frame can "be considered stiff enough to prevent its 
huckling, as subsequently proved. The static val^^es of a 
stringer inclusive of an effective Tridth of 3 centimeters 
in plywood are: 
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P i= 1,02 cm^ 
Jx = 0.197 cm* 
1 = 0,44 cm 

jtV-t a 340 um frame spacing: it affords ?v = 73 and, 
conseqtiently , ag = 175 isg cm~^ . Tlie stibsequentl;' de- 
scrilaed test shewed cr^ =: 173 Irg cm-^. 

Tiie determination of the effective width, for hoth 
wood and metal ca.uses at first an unnecessarily hi^h ex- 
penditure of time. But it is soon apparent that - apart 
from e::ceptional cases - the obtained values are usually 
of the sane order of mar-.-ni tude and that accurately enouc?h 
valu.es 8-re readily ootainahle. Incident to the plywood 
portion counted here it should he noted that the E mod- 
ulus, after which a diagonally covered panel is ohtained, 
is figured at aljout 40 percent of that for pine, 

h) Oonv entio nal cylinders ( fig. 10).- Ohviously the 

frames can again he considered as ri^id support points, 
lae data for the total cross section are 

J = 11,760 cm* 

^min = 428 om^* 

= 495 cm^ 

The skin is fully acco^i.nted for* Since the effect of 
panel width on the ■'oucklin ; of curved plywood panels is 
not yet innown, the result of the test made with this cyl- 
inder must he resorted to, (See section II, 2, h.) It 
af-Jords at the instant of ■bucrilin-'^ a moment of 46,300 cm 1: 
iiaintaining this amount as constant at a further loading, 
the stringers must tsJce up the increase of the moment up 
to their failure. In correspondence with the previously 
introduced l^min tJie stress in the stringer at the "skin 

"buclrling moment" is 

CTg^^ = 109 kg cm-2 

The "buckling stress of a stringer inclusive of 4 cm effec- 
tive longitudinally fihered skin is 175 kg cm-^. Thus 
the 66 kg cm~^ difference in stress should correspond to 
the still-to-he-apolied moment up to failure. The moment 
of inertia of the stringers alone is 
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"^str ~ 2230 cm* 

for the outermost stringer centroid vre get W = 82.5 cm*^, 
hence 

A k = 5450 cm kg 
Then the mathematical 'breaking moment is 
M-ijj. = .45,800 + 5450 = 52,250 cm kg 
which is equivalent to a transverse force of 

P = 282 kg 

The experiment sho^red a force of P = 295 kg. 

II. :ilXP]ilRIk3i:TS 
1. Strengthened Plywood 

a.) glat plat es.- It -^as essential to distrilj-ate the 
load as evenly as possilile over the plate width. The 
strinf=;erg "rere therefore loaded separately and for the 
same rea.son two closely spaced fraaes 'vera glued on the.- 
edge of each plate. The load ^fas applied "by a dynamometer 
across the levers on the application points (knife edges). 
The lateral ed-es of the plate were to he freely supported 
and permit flattening besides. This was accomplished hy 
small wooden hlocks. 

The 'buc'-^lin-g loa.d was deteruiiied with a riiler placed 
along- the covering, 3y suitalsle illumination a curvature 
of the plate was rendered visible. 

With the joining of frame and stringer hy means of 
glueing of area 2 ah, as previously stated, the obviously 
decisive part of the S-shape elastics is that correspond- 
ing to the lower part of figure 4, for by greater stringer 
deflection the tension in the glue becomes ultimately so 
high that the joint separates, which is immediately fol- 
lowed, as a rule, by compression failure on the inside of 
the stringer as a result of the greater deflection. The 
failure usually starts at the middle stringers. The dis- 
tribution of the areas of failure over the plate width 
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has t]ae characteristics of figure 11. Tfitli the exception 
of plate 9, the failure is reflected by buckling of the 
■wood fibers on the inside of the curvature. Only the, 
plate, just mentioned, disclosed tension failure in the 
plywood. There was no frame failure in any of the tests, 
but the fraaes stressed according to 0 shoned, ivithin 
oO to 80 percent of the ultimate load, incipient buckling 
of the plywood strip of the frame (fig. 12). 

The ultimate deflection of the stringers 'ras not 
measured; it was estimated at 7 to 12 millimeters. 

b) Circular cylinder.- !Phe cylinder shown in figure 
8 was solidly screwed to a horizontal bracl:et with end 
plate, rrhile the transverse force for producing the bend- 
ing moment was applied at the other end by dynamometer and 
steel strap. To prevent failure of the lower end plate, 
a 150-millimeter wide plywood strip, 2 millimeters thick 
was glued around the circumference, as shown in figure 13, 

The load was applied evenly and progressively. Ac- 
cording to figure 13, it did not succeed in making the 
buckling stresses of strin gers and skin tiie same. This 
is due in part to the afore-mentioned lack of knowledge 
of the effect of panel width on the buckling stress, and 
in part to the attempt of obtaining - for reason of direct 
comparison with the cylinder of conventional design - 
equal end load in both tests, which likewise had some ef- 
fect on the panel width. 

At P = 275 kg the total deflection was recorded at 
23 milliaeters, Failure occurred at P = 320 kg, which, 
for the center between frames 14 and 15, corresponds to a 
moment of 

H = 202 X 320 = 54,500 cm kg 
v7ith v7 = 345 cm"^ the ultimate stress becomes 

T = 187 kg cm~^ 
which agrees very closely with the calculations, 

2.' Conventional Construction 

a) Flat p late's.- The experimental set-up is exactly 
as described under section II, 1, a. The th.eoretical 



^ACA (Cecbnical Memorandum ITo« 1-031 



-13 



assunption of adequate fraae stiffness to peruit treating 
the coapression mea'bers as support ^ras confirmed. Th.e 
failure occurred ordinarily on tiie small" side of the 
stringers, as compression failv.re of the frbers. The 
distrihution of the "breaks over the plate width follows 
the charact-er istics of figure 11, The original three- 
panel plate, subsequent to the occurrence of %11 failures 
in the edge panel, Tras shortened "by the outer piece a,nd 
loaded again. The practically constant hreaking load in- 
dicates that the huckling is actually confined to the 
space "between the rif^-id frames (table IV) , 



TaSLE IV 


Hum- 
ber 


Jesign 


Breaking 
load 


1 

2 
3 


3 buckling lengths 


172 
180 
170 


4 
5 
5 




2 bucklin/^ lengths 



168 
200 
196 



Average: 181 kg; ^rith J = 1,02 cm^ 
the ultimate stress is cr = 178 kg cm~^ 



pj-rcular cylinder (fig. 10) .- The experimental 
set-up is similar to that described in section II, 1, b, 
(See fig, 14.) At~. P = 250 kg the skin panels between 
frames S and 7 adjoining the maximxTm stressed stringers 
buckle.- The section modulus at the panel center is 

tf^^ = 49 6 cxa^ ■ 

Tith the moment up to the center between- -the tfro frames 
reckoned as skin .buclzling stress we get 

U = 187 "X 250 = 46,800 cm kg " 



as "skin buckling moment," a,nd the corresponding skin 
bucklinrg stress at ' - * ' 
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= 94 kg cxa""^ 

The deflection, asain measured at p = 375 kg, Tras 32 
iaillimeters. The reason that this value is so auch hi.-:;her 
than that of the cylinder of . strengthened plyrrood, in 
spite of the greater, wall thickness, is due to the aarked 
drop of tife fictitious shear modulus of plywood with in- 
creasing shear stress. 

The highest stressed stringer starts to "buckle at 
? = 280 kg, followed imraediately hy incipient tearing of 
the skin at the area of naaximuni stringer curvature, in 
consequence of the sharp deflection. At ? = 295 kg the 
stringer fails in compression, the crack in the skin in- 
creases rapidly (fig. 15), 



III. i7BI&"IT OOliPARISOH 



To make a comparison of the foregoing data in respect 
to structural rreight, the reciprocal value of the stresses, 
that is, the nuraher of square centimeters per kilogram of 
breaking load, is contrasted. The numerical values of 
ta'ole V are hased upon the experimental breaking loads. 

This result which of itself is already unfavorable 
for conventional designs would become even worse bj' in- 
creased stringer spacing, where with respect to weight 
each stringer would have to be figured with a greater 
width of skin. 

TA3LB V 



JSI&riT OOiiFABISOF (^^-) OS' PlAT.-JS 0? OOiTVSiJTIOrAL JilSl&li 
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8 


,0102 
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17 
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,0094 


18 


,0092 



Conventional design 



1^ um- 
ber 



average 



1 to 6 



0,0137 
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The compari son . of the cylinders is much simpler. 
The -weighed weights of the two cylinders are: 

0 = 5.37 kg for 1957 mm length in strengthened 
plywood 

Q = 6,47 kg for 2004 mm length of conventional 
design. The weight ratio with al- 
lowance for the supported breaking 
moments is: 

plywood 5.37 2004 55000 

&conv. design " 1957 5.47 64600 -= 

These two results, tahle V and the computed weight ratio, 
are ample proof that the design with strengthened plywood 
is lighter "by a considerable percent than the conventional 
design. In addition, the frame weight of the flat plate 
had not been included in the comparison. 

As to the manufacturing problem of strengthened ply- 
wood, it can be stated that the system stringer skin can 
be previously glued in very simple devices and then fitted 
to the frames (or ribs, etc.). The gripping; strenj^th is 
very good. The treatment of load application, tangentia-1- 
ly or longitudinally, presents no fundamental difficulties, 
nor does the splicing of two such skin panels. 



IV, COirCLUSIOHS 



It is proved by calculation and experiment that ex- 
tended use of the skin to take up longitudinal forces 
(redviced stringer spacing) makes it possible to lower the 
stringer section so as to afford a substantial saving in 
structural weight. This saving ranges from about 5 to 
40 percent, 

V. APPENDIX 



Because of the wide scatter of the strength and 
elasticity data of wood, it is a fairly thankless task to 
secure theoretical derivations of the buckling curves, as 
originally carried out by Ros and Brunner, from the com- 
pression flattening diagram for structural wood. Ho 
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■buckling curve has as yet "been puhlished for special 
kinds of wood, such as used in airplane design. Buckling 
tests had to he made therefore with such wood, the results 
of which are shown in figure 16, The curve then served 
as a hasis for the buckling calculations of the present 
article. 



Iranslation hy J, Va-nier, 
National Advisory Committee 
for Aeronautics, 
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Figs. 1,2,3,4,5,5,7 
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Figure 2.- Identification. 
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Figure 1.- Plate of strengthenex 
plywood. 



Figure 3.- Load pattern of 
■buckled stringer 

and frame. 





Figure 5.— identification on a 

stringer. Figure 4- Strain pattern of 

stringer. Load 
schedule at joint, "between 
frame and stringer. 

p, p. 




Figure 6.— Load pattern of a 

stringer for bending 
moinent prediction. 
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Figure 7.— Frame loading 
( simplified) . 
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Figs. 8,9,10 
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Fi^re 8.- Cylinder of strengtliened plywood. 
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Figure 



9.— Plate of conventional 
design. 
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Figure lO.-Cylinder of 
conventional 

design. 




Figure 11 -Distribution of „. ^^Tl ^ 

break areas over^^^^® 12 -Buckled plywood 
plate width. ^ strip of a bent 

frame. 




Figure 14.- Cylinder of 

conventional 
design at GL « 250 kg. 




Figure 15 .-Cylinder of 
conventional 
design at failure. 



Figure 13 .-Cylinder of i 
strengthened 
plywood at a ■ 250 kg. 
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Tigure 16.- Buckling stress of pine wood. 
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